Effects of pre-drying treatments such as blanching and dipping (soaking) in a sucrose solution on browning of lemon peel during drying were investigated. A color analysis method using a digital camera and computer software based on the HSL color system was employed for determination of the degree of browning of lemon peels. Hue (H) value decreased as the browning increased. Other two parameters, saturation (S) and lightness (L), were not sensitive to the browning reaction monitoring. The browning rate was faster at the beginning of the drying and became slower when the water content became low. The pre-treatments resulted in less browning during drying. In order to examine the browning rate as a function of water content, the samples of different water contents were incubated in an airtight container (no water loss during incubation), and the H values were determined as a function of incubation time. The browning became faster when the water content was high. Sample pre-treatments such as blanching and dipping in a sucrose solution slowed down the browning rate compared with non-pre-treated samples. The browning during drying was significant when the air temperature was above 318K. The pre-drying treatments (blanching and soaking in a sucrose solution) resulted in much slower browning Keywords: lemon peel, hot air drying, water activity, browning, HSL color system ◇◇◇ Original Paper ◇◇◇ † FAX: +81 836 85 9201,
Introduction
Lemon, one of citrus varieties, is a very popular fruit, which contains citric acid, vitamins, minerals, dietar y fibers, sugars and antioxidants (polyphenols) [1] .
Lemon fruits are processed into various commercial food products such as lemon peel as garnish for food and drinks, lemon powder, and lemon juice. As the shelf life of fruits such as lemon is quite short, it is needed to decrease the water content in order to reduce the water activity, a W, to a certain level where the deterioration and microbial growth rates become very low [2, 3] . Drying is commonly employed for reducing the water content of food [2, 3] Among such critical quality attributes of fruits, the color of food surface is quite important as it is the first quality parameter evaluated by consumers [4, 5] . During drying, color degradation of fruits, called "browning" is caused by enzymatic and non-enzymatic reactions.
Enzymatic browning can be prevented by inactivating enzymes with blanching and other thermal treatments.
On the other hand, non-enzymatic browning reactions such as the Maillard reaction and oxidation reaction ascorbic acid and lipids [4] are not readily controlled.
Especially, the Maillard reaction is a complex reaction, which includes several consecutive reaction steps. It has been shown that the browning reaction due to the Maillard reaction is a function of water content as well as temperature [3, 6] . In order to analyse the browning reaction quantitatively it is needed to use a method for evaluating the browning. Several methods have been developed for evaluating the browning such as colorimetr i c a n d s p e c t r o p h o t o m e t r i c m e a s u r e m e n t s .
Quantification of hydroxymethylfurfural (HMF), an intermediate component in the Maillard reaction, is quite sensitive as HMF is the trigger for developing brown pigments [7] . However, it is laborious and time-consuming to quantify HMF of dried or semi-dried food products.
Methods using a digital camera and computer software have been successfully applied to evaluation of the surface color of foods or agricultural products [3, 8, 9] . They are non-destructive methods and easy to use. The RGB color information of an acquired digital image can be transformed into color components (hue, H and satura- This method is quite useful as quantity of light as well as uneven lighting or uneven surface shape does not affect the H and S values. In addition, the data obtained by this method correspond to human interaction and perception [3, 8, 10] . In this study we employed this method for evaluation of the browning by using the software developed by Hashimoto and his group, who have been successfully applied this method to various different applications on agricultural and food product color evaluations [8, 9] .
Pre-drying treatments such as blanching and dipping (soaking) in inorganic or organic solutions improve the quality of dried foods such as prevention of browning and uneven shrinkage. Blanching in hot water is usually applied for fruit and vegetables to increase drying rates and prevent browning [11] . Blanching helps the inactiva- Unfortunately blanching cannot prevent shrinkage of final products. We have shown that addition of sugars such as sucrose, trehalose, maltodextrin, maltosyl-trehalose to sliced fruits and vegetables prior to dr ying is effective for preventing damages of tissue structures [12] [13] [14] .
The purpose of this study is twofold: (a) to establish a simple and easy method for monitoring the browning 
Materials and Methods

Materials and sample preparations
Lemon samples (brand Sunkist 4053, USA) were purchased from the local market. All other chemicals were of analytical grade and purchased from Wako Pure Chemicals (Osaka, Japan). Fresh lemons were washed, separated from their pulps and cut into a ca. 2.5 cm length and 0.5 cm width piece as a standard lemon peel sample in this study. Blanched lemon peel samples were prepared by placing it in boiling water for 5 minutes.
Under this condition enzymes responsible for enzymatic browning were inactivated. Blanched samples were dipped in a sucrose solution (40 wt%) for 10 minutes.
Drying experiment
Isothermal drying experiments were performed in a constant air temperature box [12] [13] [14] [15] . The air in the box was completely mixed by two fans. The relative humidity (RH) was adjusted by silica gels (RH＜2%). A Testo 608-H2 (Newman Lane, UK) monitor was installed in the drying box, which can monitor RH from 2 to 98% (accuracy ±2%). The air temperature was monitored by the thermometer. The sample was placed on an aluminium dish, which was hanged to an electronic balance placed on the dr ying box. The aluminium dish eliminates unwanted vibrations of the wire net cage by the hot air stream. In order to avoid direct contact of the sample with the aluminium dish surface, a silicon mesh sheet was placed on the dish. The solid mass of the sample (W s ) was measured by drying the sample at 378 K for 4 hours.
Isothermal incubation experiments
In order to adjust water contents of the sample for the incubation experiments, freeze or vacuum dr ying was performed by using a Freeze dryer (Eyela Freeze Dryer, FD-1000, Tokyo Rikakikai, Japan) for 0.5, 1, 2, 3, and 6 hours (trap temperature＝223±1 K, chamber pressure＝ 6.5±0.5 Pa). Lemon peel samples adjusted to designated water contents were contained in an airtight glass container with a silicon stopper, covered with a plastic film and aluminium foil to avoid light. The container was incubated in a hot block bath (TPB-32, Toyo Seisakusho, Japan) at 333 K. The solid mass of the sample (W s ) was measured by drying the sample at 378 K for 4 hours.
Color analysis
Color images of the sample were captured by a digital camera (Ricoh R10, Ricoh, Tokyo, Japan) as a function of time during both hot air drying and incubation experiments. The details of the color analysis are shown below.
All the experiments were performed in triplicate.
The experimental setup consisted of a digital camera with 7.1x optical wide zoom lens (Ricoh R10, Ricoh, Tokyo, Japan) and a tripod. We did not use a special light setting. Florescent lamps (color temperature＝5200 K) were used, which were placed ca. 180 cm above the sample plane. The distance between the camera lens and the sample plane was set to be 8 cm. The sample was placed on a white drafting paper, so that the image background was white. The sample images were recorded as a JPEG format (3648×2736 pixels), and transferred to a PC for the color image processing. The images were then analyzed with a software developed by Hashimoto [8, 9] .
The software requires that the background of image should be removed, the pixel size should be lower than 800×800 pixels and the image should be saved in Tiff format. These requirements were accomplished by using Adobe Photoshop CS. The digital image was transformed from the RGB coordinate system to the HSL coordinate system by the software. H value is defined as a color wheel chart, with red-purple at an angle of 0, yellow at π/2, bluish green at π and blue at 3π/2 rad. This software conver ts radian to digital value by multiplying (255/2π) [8, 9] . H value decreased as the browning score increased as shown in Figure 1 Fig. 1 ). For lemon peel samples, three image data were obtained for one sample and the average H value was calculated.
Determination of desorption isotherm
Dried peel, lemon powder and lemon juice samples were stored in an airtight plastic container in the presence of salt solutions of known a w values at 303 K. The samples were weighed every 24 hours until the weight loss became less than 2% per 12 hours [12] [13] [14] [15] [16] .
The desorption isotherm data were fitted by the three parameter Guggenheim-Anderson-de Boer (GAB) model [6, 17, 18] . 
Results
Desorption isotherms
Desorption isotherms (lemon peel and lemon juice) are shown in Fig. 2 . All isotherms showed a typical food isotherm shape, which can be described well by the GAB equation. The equilibrium water contents for lemon juice were higher compared with lemon peel and lemon powder for higher water activity regions. Lemon juice is quite hygroscopic compared with other lemon products [19] .
Effects of pretreatments on drying and on color changes during drying
The isothermal drying curves of lemon peels with and without pre-treatments are shown in Fig. 3 . Blanching is known to facilitate water removal as the cell structure is partially weakened, which permits easier migration of water. It may also cause starch gelatinization and inactivate polyphenoloxidases that lead to quality degradations. Further possibilities of blanching effects are the collapse of the cell, the decrease in turgor pressure, deformation of the cell walls and even plasmolysis [11, [20] [21] [22] . However, the presence of sugars in lemon peel resulted in low drying rates at the late stage of drying. This is due to slow dr ying rates of sucrose solutions [15] .
Dipping in a sucrose solution decreased the initial water contents of lemon peel samples due to osmotic dehydration. The drying rates decreased after 3 hours.
The final water content of lemon peel dipped in a sucrose solution was slightly higher compared with others.
It is a common practice to prepare a standard color chart for subjective/visual evaluation of agricultural and food products. Although objective digital methods are preferred, it is still useful to understand the relationship between the standard color chart and the values obtained from the digital image. As already shown in Fig. 1 , the hue (H) value can present the browning quite precisely whereas the other two parameters, S and L values were not suitable for the present analysis.
As shown in Fig. 4 , the H value decreased sharply at the beginning of drying, and then did not change appreciably with time especially for pre-treated samples.
Similar trends were observed for the data obtained at dr ying temperature＝303 K and 333 K. As expected, higher temperature accelerated the browning.
The H values at 6 hours are shown in Fig. 5 . The pretreatment (blanching followed by dipping in a sucrose solution) was found to be very effective for better color retention during drying. 
Effect of pre-treatments on color changes during incubation under constant water content conditions
In order to understand the effect of water content on color changes (browining), samples of different water contents were incubated for 24 hours. The samples adjusted to designated water contents were placed in an airtight container in order to avoid water loss during incubation. The H values as a function of incubation time are shown in Fig. 6 . The H value decreased with incubation time. Figure 7 shows the H values after 6 hour incubation for different water contents. At low water contents the color of sample was found to be more stable. The decrease in H value for blanched and sucrose treated samples was much lower compared with that for nontreatement samples.
Discussion
Both consumers and food industry concern the suface color of food products although it is still difficult to connect the digitized surface color information to the food quality such as nutritional values quantitatively [5] . In this study a method using digital image captured by a digital camera was successfully applied to evaluating the browning reaction during drying and isothermal incubation of lemon peels. The main advantages in using a digital camera are non-destructive testing, easy to use protocol and non-expensive devices. This type of method is quite convenient and useful for checking agricultural products in the field [5, 8, 9] . It can also be employed as a tool for process analytical technology for food processes.
The present study has shown that the browning of lemon peel products occurs during thermal processing such as drying and the browning rate decreases with decreasing water content. Most chemical and biochemical reactions become very slow when the water content X or the water activity a w becomes low [3, 6] . For example, enzyme inactivation rates become extremely low when X ＜0.2-0.3 [23] . Therefore, once the sample water content decreases to such low values, enzymes are no more inactivated even when the sample temperature is high [23] .
As for the browning reaction (the Maillard reaction), it is claimed that the rate is higher in the intermediate a w regions [3, 6] . Our data has shown that the browning rate becomes lower with decreasing water content.
Consequently, the H value did not decrease significantly even during dr ying at 333 K. Rapid dr ying with low humidity air is recommended for obtaining dried lemon peels of good color retention.
Blanching is known to inactivate enzymes responsible for enzymatic browning. This can be confirmed by measuring peroxidase activity [24] . Blanching of lemon peels in boiling water for 1 minute completely inactivated peroxidase activity (data not shown). Therefore, enzymatic browning of blanched lemon peels was not expected during drying. Dipping of lemon peels in a sucrose solution resulted in uptake of sucrose. Enzymes or proteins become stable during drying in the presence of sucrose due to vitrification or water replacement [23] . Blanched sliced potatoes and carrots were dipped in a sucrose solution before drying. When samples prepared in this way were dried, irregular shrinkage was avoided and cell structure was well preser ved [12, 13, 24] . Ef fect of sucrose on non-enzymatic browning is not well understood. In the present study a protective effect of sucrose against browning was not apparent. However, irregular shrinkage of lemon peels during drying was prevented in the presence of sucrose, which was observed for sliced carrots and potatoes in our previous study [12, 13, 14] .
Blanching followed by dipping in a sucrose solution was found to be effective for preventing browning and shrinkage of lemon peels during drying.
Conclusions
Effects of blanching and dipping in a sucrose solution as pre-treatment methods of hot air drying of lemon peel on color retention (browning) were studied.
Digital image captured by a digital camera was processed to obtain the HSL values for color analysis. The browning was well evaluated by the H value.
The decrease in H value (browning) was larger when the water content and the temperature were high.
Dipping in a sugar solution after blanching and controlling water contents on dr ying can provide better product qualities of dried lemon peels. 
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